We present measurements of radio emission from extensive air showers taking place during thunderstorms. Their intensity and polarization patterns are different from those observed during fair-weather conditions. We introduce a simple two-layer model for atmospheric electric fields which can reproduce the main features of the intensity and polarization patterns of air shower during thunderstorms. This in turn provides a unique way to probe atmospheric electric fields.
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Introduction
Energetic cosmic rays impinging on the atmosphere create a particle avalanche called an extensive air shower. In the leading plasma of this shower electric currents are induced that generate radio waves which have been detected with LOFAR, a large array of simple antennas primarily developed for radio-astronomical observations [1] . Additionally, there is a scintillator array LORA located at the center of LOFAR to provide an independent trigger whenever an air shower with an estimated primary energy of ≥ 2 × 10 16 eV is detected [2] . LOFAR has observed air showers under fair-weather conditions, so-called fair-weather showers, as well as air showers under atmospheric conditions where thunderstorms occur, so-called thunderstorm showers [3, 4] .
For fair-weather showers the intensity as well as the polarization of the radio emission can be reproduced rather accurately by the standard models [5, 6, 7, 8, 9] . Due to the Lorentz force exerted by Earth's magnetic field B the relativistic electrons and positrons in the electromagnetic part of the shower are accelerated in opposite directions. These particles contribute coherently to a transverse electric current in the direction of the Lorentz force v × B where v is the propagation velocity vector of the shower. This produces a short, tens of nanosecond time scale, coherent pulse of radio emission. The emission generated by this geomagnetic mechanism is unidirectionally polarized in theê v×B direction [10, 5, 11, 12] . A secondary emission mechanism results from a negative charge excess in the shower front. This consists of electrons knocked out from air molecules by the air shower. This also produces a short radio pulse having radial polarization with respect to the shower symmetry axis [13, 14] . The full signals measured at the ground are the vectorial sum of the two emission components. Since the transverse-current component contributes more than the charge-excess component, the full radio emission is mainly polarized alongê v×B with small radial diviation as shown in the left panel of Fig. 1 .
For thunderstorm showers we observe large differences in the intensity and polarization patterns from the fair-weather model. We observe for these showers that it is not possible to get a good fit of the measured intensity pattern while in addition the dominant polarization direction differs from the orientation observed in the fair-weather condition [4] .
We show that these differences are consequences of atmospheric electric fields. We also show that the basic effects of atmospheric electric fields on radio emission from air showers are understood and in turn measuring radio emission from thunderstorm showers provides a new tool to probe the atmospheric electric fields present in thunderclouds.
Thunderstorm air showers at LOFAR
Data for the present analysis were recorded with the low-band, 30−80 MHz, dual-polarized crossed dipole antennas located in the inner, ∼ 2 km radius, core of LOFAR radio telescope. Over the period between June 2011 and September 2014, LOFAR recorded a total of 762 fair-weather and thunderstorm showers [4] .
Thunderstorm showers can be distinguished from fair-weather showers by three features. Firstly, the polarization patterns of the thunderstorm showers differ significantly from those of fair-weather air showers. This can be seen in the right panel of Fig. 1 where the polarization direction is clearly coherent for all antennas but no longer in the expectedê v×B direction. There
PoS(ICRC2015)284
Probing atmospheric electric fields in thunderstorms through radio emission T.N.G. are 31 showers showing that their polarization differs significantly from those of fair-weather air showers. Secondly, for roughly a half of these thunderstorm showers the intensity of the radio signal at 30−80 MHz frequencies is strongest on a ring around the shower axis with a radius of approximately 100 m (see Fig. 2 ). This "ring structure" in the intensity pattern is not present in normal fair-weather air showers which show a single maximum that is displaced in theê v×B direction from the shower axis due to the interference between the transverse-electric current and the charge-excess contribution [15, 16] . The third way to distinguish the thunderstorm showers is using data from the Royal Dutch Meteorological Institute. Twenty of these 31 showers occur within 2 h of lightning strikes recorded within 150 km distance from LOFAR. Given the similarity of the polarization patterns of the remaining showers where no lightning strikes were measured, it is plausible that at these times the atmospheric electric field was not strong enough to initiate lightning. An electric field meter has since been installed at LOFAR that will provide independent verification for future measurements.
A simple model of atmospheric electric fields
Atmospheric electric fields have strong effects on the air-shower development as well as on their radio emission [17, 18] . The atmospheric electric field along the air shower axis can be decomposed into two components
where E and E ⊥ are parallel and perpendicular to the shower axis, respectively. The two components affect the transverse current and the charge excess in different ways. The parallel component, E , accelerates electrons or positrons downward, depending on its polarity, and deccelerates the other. Hence, the number of electrons and positrons increases. The additional particles, however, trail well behind the shower front, so their radio emission is not coherent in the frequency domain
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Since the force is perpendicular to the velocity of the particle, no appreciable amount of work is done and thus the particle energy is not changed much. This force, however, changes the drift velocity of particles and thus the transverse current. The increase in the transverse velocity results in a decrease in the longitudinal velocity since the total velocity cannot exceed the speed of light. As a result, for large perpendicular electric fields, the relative velocity between the particles and the shower front becomes larger. The particles will trail further behind the shower front and their radiation is not coherent at the observed frequencies. The combination between the two effects of E ⊥ results in an increase of the transverse current with the increasing applied electric fields up to 50 kV/m followed by a saturation of the current. The same trend is shown in the intensity since the intensity is proportional to the square of the current.
Based on the understanding of the influence of atmospheric electric fields on radio emission from air showers, we build a simple model of the electric fields, a two-layer model, which can reproduce the main features of the measured intensity and polarization footprints. It consists of two electric field layers where the first layer is from a higher altitude h U to a lower one h L and the second layer is between h L and the ground. In the upper layer, the electric field is uniform and has a unique orientation. In the second layer, the electric field polarized such that the net force changes by 180 • and its strength is reduced by a factor k. The second-layer electric field with the specific polarity introduces a destructive interference between the radio emission in the two layers which reproduces the ring structure and the unique polarization seen in the measurements.
In Fig. 2 , the reconstruction of a thunderstorm event is shown. The reproduced polarization pattern is similar to the polarization pattern from the measurement shown in the right panel of Fig.  1 . The reconstruction is optimal for h U = 8 km, h L = 2.9 km and k = 0.55. The reduced χ 2 is 3.2 for the combination of radio, as measured with LOFAR, and particle data, as measured with LORA. For perfect fit of a fair-weather shower, a reduced χ 2 ≈ 1 is obtained which is not reached for thunderstorm showers with a simple electric field model. However, all main features in intensity,
Probing atmospheric electric fields in thunderstorms through radio emission T.N.G. Trinh 1 540 580 620 660 700 The fit quality is sensitive to the parameters of the model: h L , k and X max as shown in Fig. 3 where each parameter is varied while keeping the others fixed at the optimum values. From this the height h L and the relative strength of the electric fields in two layers can be derived and thus the electric field configuration can be probed. The fit quantity is sensitive to the parameter h U until it reaches the optimum value at h U = 8 km and is not sensitive to higher altitudes where there are relatively few particles contributing to the radio emission since the air shower is not fully developed yet.
For fair-weather air showers the measured radio intensity is related to the simulated values through a constant scaling factor [15] giving the energy of the primary particle. This energy is derived from the particle density on the ground, as measured with LORA, combined with the information on X max , as determined from the radio fit. Due to the influence of the electric fields on the radio intensity, the measured intensity of thunderstorm showers is higher than the normally expected value [17] . However, the simulated intensity increases only until the atmospheric electric field strength reaches |E U |∼ 50 kV/m after which it starts to saturate. This saturation of the radio intensity appears to be related to the coherent nature of the emission as mentioned above.
Probe atmospheric electric fields at low-frequency domain
As mentioned in the previous section, the radio intensity in LOFAR LBA frequency domain strongly depends on the transverse electric field up to values of about 50 kV/m. After this value it has little sensitivity. The effects of parallel electric fields are hardly observed in the frequency domain from 30 MHz to 80 MHz. However, the sensitivity to atmospheric electric fields increases at lower frequencies. Fig. 4 and Fig. 5 show that at frequencies from 2 MHz to 9 MHz, there is clear dependence of the intensity pattern on transverse electric field as well as parallel electric fields. In addition, the maximum intensity increases with increasing electric fields, so the strength of the fields can be probed more accurately in this low frequency domain.
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Summary and conclusion
Based on a basic understanding of the effects of atmospheric electric fields on radio emission from air showers, a two-layer model of atmospheric electric fields is built and used to reconstruct thunderstorm showers. Although it is a very simple model, it can reproduce all main features observed in the intensity pattern as well as in the polarization pattern. Since the thunderstorm showers are well recontructed, they in turn help to probe the atmospheric electric fields along the shower axis present in thunderclouds. This is a unique technique because it is non intrusive and it is sensitive to a large fraction of the cloud. Since there is a large sensitivity to parallel electric fields and large transverse electric fields in the frequency range from 2 MHz to 9 MHz, some low-frequency antennas should be installed in order to increase the sensitivity.
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